The barndoor skate (Dipturus laevis) has been reported to be close to extinction in parts of its northern range and is believed to be particularly vulnerable to fishing mortality due to its relatively large size. A lack of basic life history information, however, has hampered an accurate assessment and management of north Atlantic populations. In an attempt to fill this void, information was collected from 2 310 specimens caught during commercial sea scallop dredging in the southern section of Georges Bank Closed Area II. Eighty-seven fish were determined to be mature from a visual inspection of reproductive tracts and the allometric growth of claspers, oviducal glands and developing ova. Sexual dimorphism was apparent in length at 50% maturity with females maturing at 116.3 cm and males at 107.9 cm. A preliminary analysis of 118 vertebrae indicates faster growth (k = 0.14 to 0.18) and younger female maturation (6.5 to 7.2 yr) than previously believed. Thus, resilience of the barndoor skate to overfishing may be higher than recently assumed.
Introduction
The barndoor skate Dipturus laevis (Mitchill, 1817) , is one of many skate and ray species caught as by-catch in finfish trawl and scallop dredges in the Northwest Atlantic. Until recently, this species has received little attention, due primarily to its low market value (Musick et al., 1999; Dulvy et al., 2000; , until a recent study suggested its potential extinction (Casey and Myers, 1998) . Casey and Myers (1998) reported that the barndoor skate, once a common by-catch species off southern Newfoundland, had become locally extirpated in parts of its northern range due to overfishing. They also contended that "long-term research surveys on the continental shelf between the Grand Banks of Newfoundland and southern New England reveal that….the barndoor skate….is close to extinction (Casey and Myers, 1998) ." Subsequent petitions to place the species on the U.S. National Marine Fisheries Service Endangered Species List and listing of the the barndoor skate as vulnerable by the IUCN (Union for the Conservation of Nature and Natural Resources) placed the barndoor skate in the middle of conservation and extinction risk debates (Diaz-Soltera, 1999; Musick et. al., 1999; NEFSC, 2000) .
The barndoor skate is the largest member of the family Rajidae found in the northwestern Atlantic, reaching a maximum length of 152 cm and a weight of 20 kg (Bigelow and Schroeder, 1953a ). The species is found from Cape Hatteras to the Grand Banks of Newfoundland, Gulf of St. Lawrence and Nova Scotia (Leim and Scott, 1966; McEachran and Musick, 1975) . It ranges from shallow coastal waters to depths greater than 400 m and tolerates water temperatures of 1.2-20°C (Bigelow and Schroeder, 1953b; McEachran and Musick, 1975) . Recent analysis of Canadian survey and commercial fisheries data suggests that the overall distribution of the species is far more extensive than originally thought both in terms of depth and northern range . Barndoor skates were found as far north as the Labrador Shelf to 62°N and into depths of about 1 600 m with significantly higher catch rates at depths below 450 m Simon et al., MS 2002) . These studies strongly indicate that Casey and Myers (1998) used a data set that poorly sampled the overall distribution of barndoor skate and as such substantially underestimated the actual barndoor skate population.
Due primarily to their large size and therefore presumed late maturation, barndoor skates are believed to be particularly vulnerable to the effects of high levels of fishing mortality; however, very little information is available on the biology and ecology of the barndoor skate to make an accurate assessment. Elasmobranchs in general have relatively low reproductive rates and low intrinsic rates of population increase due to their late maturity and low fecundity (Hoenig and Gruber, 1990; Camhi et al., 1998; Walker and Hislop, 1998 ).
This life history strategy relies on a relatively high survival of a few well-developed offspring and results in a direct and limiting relationship between the number of adults in the population and number of young-of-year. The pattern of more productive species, like that exhibited in most teleost fishes involves the highly variable survival of many fragile offspring and greater fluctuations in the relative number of surviving young-of-year. In both strategies, changes in environmental conditions or fishing pressure can result in the increased survival of offspring but the potential for a large recruitment event or a quick recovery from overfished or depressed populations is much lower in the less productive species. Compounding the effects of excessive fishing on recovery potential is the interrelationship of life history traits and the trend towards later maturity among the larger, less fecund species. This results in longer generation times, a greater chance of juvenescence, and a significant delay between a reduction of fishing mortality and an increase in the number of spawning adults. Holden (1973) and Brander (1981) have shown that differences in life history parameters of elasmobranchs, particularly size at maturity and overall body size, result in species-specific responses to fishing mortality. The European common skate (Dipturus batis) and at least four other North Sea skates have all undergone severe regional population declines due in part to their relatively large size, late maturation, low fecundity and resulting sensitivity to fishing mortality (Brander, 1981; Walker and Heessen, 1996; Dulvy et al., 2000) , an affect less apparent in smaller species.
Understanding these life history traits and quantifying the age and growth parameters for individual species have been recognized as crucial in the risk assessment and management of marine fishes (Parent and Schrimi, 1995; Musick, 1999a, b) . A recent stock assessment of the United States Northwest Atlantic skate complex (NEFSC, 2000) listed the three largest species; barndoor, winter (Leucoraja ocellata), and thorny skates (Amblyraja radiata), as overfished and identified a need for further studies of the age, growth, and reproduction of these species. Our recent work has focused on defining these critical life history parameters for the barndoor skate. This paper presents the first significant information on the life history of the barndoor skate collected from 2 310 specimens in the western North Atlantic.
Materials and Methods
All of the specimens used in this study were collected onboard commercial scallop vessels fishing in the southern portion (south of 41°30"N) of Georges Bank Closed Area II. (Fig. 1) . This area was closed to the use of mobile fishing gear in December of 1994 in an effort to rebuild groundfish stocks. Following five years of no fishing effort in this area, the southern portion of Closed Area II was opened to limited commercial scallop fishing in June of 1999. Data was collected on twelve trips between June and November of 1999, 2000, and 2001 . Vessels fished with two 15-foot New Bedford style sea scallop dredges (Posgay, 1957) constructed with a 10 inch mesh twine top and either 3.5 or 4 inch ring bags. Gear was towed in 55-73 m of water at an average speed of 9.2 km/hr. A total of 1 311 tows were made from seven different commercial vessels during 90 days at sea.
Although the barndoor skates were not a significant percentage of fish by-catch, we observed enough individuals to initiate a comprehensive study of the barndoor skate in Georges Bank Closed Area II. Positive identification of the barndoor, which has been a concern in some published material (McEachran and Musick, 1975) , was assured by the senior author or trained staff from The Virginia Institute of Marine Science. The barndoor was easily recognized by its long rostrum, acute angle of the anterior margin of the disk, grey ventral surface, and mucous pores (Bigelow and Schroeder, 1953a) .
Disk width (DW), disk length (DL) and total length (TL) measurements were taken from all individuals. Clasper length (CL) was also taken for all males and measured as described for clasper inner length in the FAO species catalogue (Compagno, 1984) . TL was measured from the tip of the snout to the tip of the tail and was recorded for all but 230 individuals. For these, TL was calculated from the TL/DW relationship (TL = 1.4115 × DW -0.7741; n = 2 080; R 2 = 0.99) generated from the remaining specimens. Total length (TL) has been used throughout this report for ease in comparison to previously published literature on other skate species and elasmobranchs (Walker and Hislop, 1998; Frisk et al., 2001 ).
Specimens were measured as soon as possible following capture. After measurements were taken, specimens were dissected and sampled or marked and released to avoid duplicate records of the same individuals. Biological samples including vertebrae, gastrointestinal and reproductive tracts, and tissue samples were taken from a representative sub-sample of sizes and sexes. Reproductive tracts were preserved in 10% formalin and examined in a laboratory at the Virginia Institute of Marine Science in Gloucester Point, VA. This paper will focus primarily on information from morphometrics and the reproductive tracts in addition to preliminary results of an age and growth analysis. A more comprehensive analysis of age and growth, population genetics, and food habits will be addressed in later papers. Maturity. The allometric growth and expression of secondary sexual characteristics were utilized to determine the reproductive status of each individual and the size at maturity for each sex. Male barndoor skates were considered to be mature based on the following criteria: 1) an abrupt change in clasper length relative to total length (Babel, 1967; Struhsaker, 1969; Pratt, 1979) ; 2) the presence and degree of coiling in the vas deferentia (Pratt, 1979; Martin and Cailliet, 1988) ; 3) the internal morphology and the size, shape and appearance of the testes. Immature individuals had small flaccid testes that were homogenous in appearance while mature individuals had enlarged testes with visible differentiated follicles on the dorsal-lateral margins. Criterion 3 was only utilized in cases where coiling in vas deferentia was marginal.
The stage of sexual maturity in females was determined by: 1) the presence of developing or ripe eggs in the ovary (Holden, 1975; Pratt, 1979; Martin and Cailliet, 1988) and 2) the allometric growth of the oviducal gland (Pratt, 1979; Smale and Goosen, 1999) . Individuals containing five large yolked eggs with a mean size >10 mm were considered to be mature while individuals that contained white or clear eggs <10 mm were judged to be immature. Oviducal gland measurements were taken across the widest part of the gland, generally perpendicular to the oviduct. Maturity was indicated by the accelerated growth of this organ as compared to total length.
Once individuals were classified as either mature or immature based on the criteria described above, the point of 50% maturity was calculated using a logistic probit analysis in Minitab (version 4.10.1998, Release 12). The phrase "length at maturity" will refer to the point of 50% maturity throughout this paper.
Age and Growth. Vertebral samples (n = 639) were taken from a sub-sample of all sizes captured and frozen for later analysis. In the laboratory, samples were thawed, separated into individual centra, cleaned and then placed in 70% ETOH for a minimum of 24 hours. Following this treatment, vertebral banding was apparent even with the naked eye suggesting that relatively simple techniques such as graphite microtopography (Neer and Cailliet, 2001 ) and/or oil immersion might be viable. Whole centrum ring counts were recorded on a number of specimens and then centra were sectioned through the focus along the central longitudinal axis using an Isomet rotary diamond saw (Buehler, 41 Lake Bluff, IL). If the remaining centrum half was large enough it was cut again or simply sanded to leave a bow-tie slice through the focus. Centra sections were then dried between two pieces of Plexiglas to prevent warping and mounted to microscope slides using Permount. Mounted sections were then sanded and polished with wet sandpaper (320, 400, then 600 grit) to approximately 0.5-1.0 mm. Slides were then examined under a compound video microscope with the Optimus image analysis system (Media Cybernetics, 1999) .
Banding patterns in the sectioned centra were apparent and similar to that described in Daiber (1960) for the clearnose skate, Raja eglanteria and by Waring (1984) for the little skate, Raja erinacea. Alternating wide and narrow bands were observed and hypothesized to be indicative of an annual cycle (Fig. 2) . The narrow bands, henceforth called "growth rings" were counted to determine a putative age for each specimen. The first of these rings was generally faint, occurred at approximately 0.6-0.8 mm from the focus, and at the same location as an angle change and thickening of the corpus calcareum. This was considered to represent a birthmark and was consistent with observations from our smallest youngof-year specimens.
Growth rings were counted by at least two readers several times until a consensus was reached. Of the 639 vertebrae samples collected from 1999 to 2001, 118 have been processed, read by at least two readers and included in this paper. Although growth ring counts on whole centra appear consistent, only the results from the sectioned centra are presented in this paper. The effect of sample placement along the vertebral column, reader precision, or validation of the annual nature of the growth rings is in progress. Until such time as validation is complete, ages in this paper shall remain putative.
Age at maturity was calculated from specimens in which both vertebral banding and reproductive tracts were analyzed. A logistic probit analysis in Minitab (version 4.10.1998, Release 12) was utilized on the age/maturity data (mature individuals were assigned a 1 and immature a 0) to estimate the point of 50% maturity. The von Bertalanffy growth function was then fit to all of the age-at length data with the PROC NLIN function in SAS (SAS, 1999) . The von Bertalanffy growth function is:
where L t = length at age L t , L ∞ = asymptotic or maximum length, k = growth coefficient, and t 0 = theoretical age when length equals zero. All of the smaller size-classes were well represented so back calculation of larger specimens was not necessary. Growth parameters were estimated for the sexes combined due to small sample sizes.
Results
The sex ratio of all captured individuals was relatively even: 1 181 females (51.1%) and 1 129 males (48.9%). Total lengths ranged from 20.0-133.5 cm with an overall mean of 56.6 cm (Fig. 3) . Catch rates increased each year over the course of the study but further spatial and length-specific analysis are necessary before any conclusions can be drawn. A total length-weight relationship was also generated (Weight in grams = 0.001125 × (TL in cm) 3.339 ; n = 28, and R 2 = 0.97) but should be used with caution because only 4 individuals greater than 80 cm were included in the weight samples.
Maturity.
A logistic probit analysis on all individuals sampled estimated length at 50% maturity at 112.4 cm (95% CI's = 110.2-114.6 cm; n = 290), however, barndoor skates like many elasmobranchs exhibit sexual dimorphism in their development (Struhsaker, 1969; Holden, 1972; Gelsleichter, 1998) . For the males, clasper lengths (n = 1 126) and the examination of reproductive tracts from 148 specimens indicate the onset of adolescence at approximately 85-90 cm. At this point, the ratio of clasper length to total length begins to noticeably change and then begins to dramatically increase at around 100 cm (Fig. 4) . All specimens less than 103 cm were considered to be immature showing only minimal signs of development. Eighteen individuals between 82 and 113 cm had slightly enlarged testes and/or minimal coiling of the vas deferentia and were considered to be developing yet still immature. All individuals over 113 cm were mature, having highly coiled vas deferentia, large claspers, and enlarged testes with visible follicles. A total of 48 mature males were captured with a calculated length at maturity of 107.9 cm with 95% confidence intervals of 105.2-110.6 cm ( Table 1) .
For the females, oviducal gland measurements and the examination of 142 reproductive tracts indicate that adolescence in female barndoor skates begins at approximately 90-95 cm (Fig. 5) . The smallest individual with developing or ripe eggs indicating first maturity was observed at 114 cm, with 100% maturity occurring at sizes greater than 124 cm. Two females were captured with fully developed encapsulated eggs in each oviduct on November 10 th 1999 (124 cm) and on July 13 th , 2000 (121 cm). A total of thirty-nine mature individuals were captured with the calculated length at maturity for the female barndoor skate of 116.3 cm with 95% confidence intervals of 114.2-118.5 cm (Table 1) .
Age and Growth. Vertebrae samples were taken from fish that ranged from a 22 cm young-of-year male to a 133.5 cm female, the largest specimens captured. The relationship between TL and vertebral radius (VR) was significant supporting the use of vertebral sectioning for estimation of growth rates (Fig. 6) . The oldest observed individuals were 11 years old. A size-at-age plot of all processed vertebral samples (sexes combined) was described well by the von Bertallanfy growth model ( Fig. 7) with parameter estimates of: L = 166.3 cm , k = 0.1414, and t 0 = -1.2912.
The results of a probit analysis on those specimens where both age and maturity were assessed (n = 86) estimated the age at 50% maturity for males and females to be 5.8 and 6.5 years, respectively. Although samples sizes were relatively low (male = 51, female = 35), the 95% confidence intervals were reasonably tight at 5.3-6.3 years for males and 6.1-6.9 years for females (Table 1) .
Substituting our length at maturity estimates for L t in the von Bertallanfy growth model and solving for age (t) then generated an alternate estimate of age at maturity. Estimates from this technique were slightly higher but very similar to those from the direct age/maturity probit analysis: 6.1 and 7.2 years for males and females respectively.
Discussion
Inspection of reproductive tracts and the allometric growth of secondary sexual structures provided an easy means for quickly assessing maturity in sampled individuals. In male elasmobranchs, the development of claspers coincides with the differentiation of the testes (Wourms, 1977) and depending on the species, relative clasper length will increase either gradually or abruptly as an individual reaches sexual maturity (Pratt, 1979) . As in several other batoid species, the growth of the claspers in the barndoor skate exhibited this type of easily identifiable abrupt change (Babel, 1967; Struhsaker, 1969) . Accelerated clasper growth was observed between 100 and 120 cm providing obvious upper and lower bounds for our maturity estimate.
In female elasmobranchs, nearly every structure of the reproductive tract has been used as an indication of various stages of sexual development: the size shape and appearance of the ovary (Joung and Chen, 1995) ; the development of the oviduct (Springer, 1960) , and the oviducal gland (Pratt, 1979; Smale and Goosen, 1999) . In the barndoor skate, the allometric growth of the oviducal gland, which is a heart shaped organ where sperm may be stored, fertilization occurs and egg cases are produced, was a visually apparent and quantifiable indicator of the onset of adolescence. Significant maturation begins around 90 cm and was obviously nearing completion around 115 cm when large yolky eggs began appearing in a number of individuals.
Previously published values for length at maturity of the barndoor skate have been equivocal, making a comparison of our data to earlier findings difficult. Richards et al. (1963) reported a length at sexual maturity for the barndoor skate of 92 cm, however the source, study site, and supporting information for this conclusion were not presented. Casey and Myers (1998) suggested that the barndoor may be similar to the European common skate (D. batis) and utilized the life history parameters of this species (age at maturity (A mat ) = 11 yrs, and fecundity (F) = 47 eggs) in reaching their conclusions. A recent stock assessment of the seven skate species found in the north Atlantic United States waters (NEFSC, 2000) used a maximum observed length of 136 cm and predictive equations to generate estimates of length at maturity (L mat ) of 102 cm and A mat of 8 years (Frisk et al., 2001) . The results of the present study however show that female barndoor skates on the eastern end of Georges Bank reach sexual maturity at a larger size (L mat =116.3) and suggest sexual dimorphism in length at maturity.
The findings of this study also suggest that the barndoor skate matures at a similar point in their development as other female elasmobranchs. Holden (1974) suggested that the mean length of maturity for female elasmobranchs occurs at 60-90% of their asymptotic length. This ratio (L mat /L max ) can then be used to compare reproductive life history strategies among species. If L max is taken to be 152 cm, which is the largest individual ever recorded, the female barndoor skates in our study matured at a L mat /L max ratio of 0.76. This is comparable to values reported in other studies that have shown this ratio to be 0.74 for Raja eglanteria, 0.73-0.81 for Leucoraja erinacea, and 0.80 for Raja clavata (Fitz and Daiber, 1963; Holden, 1974; Waring, 1984) . For the seven species common to the northwest Atlantic, observed and predicted L mat and L max values used in the 30 th SAW (NEFSC, 2000; Frisk et al., 2001) result in L mat /L max ratios of 0.52-0.81.
Although there appears to be some variability in the exact timing of ring and growth band formation, vertebral growth patterns have been successfully used in a number of different elasmobranch age and growth studies (Holden and Vince, 1973; Pratt and Casey, 1983; Ryland and Ajayi, 1984) . For the barndoor skate, the validation of annual ring formation has not been accomplished, however the validity of this technique has been demonstrated for at least five other similar skate species. Studies on Raja erinacea (Natanson, 1993) , Raja microocellata (Ryland and Ajayi, 1984) , Raja eglanteria (Gelseichter, 1998) , Raja montagui (Ryland and Ajayi, 1984) and Raja clavata (Holden and Vince, 1973; Ryland and Ajayi, 1984) have utilized biological markers, such as the antibiotic tetracycline, to successfully validate the formation of annual rings. Although a few studies on shark species have proposed that bands may form twice a year (Pratt and Casey, 1983) or may be related to somatic growth (Natanson and Cailliet, 1990) , there is no evidence from skate species closely related to the barndoor skate to suggest any pattern other than an annual cycle.
The application of the von Bertallanfy growth model to our age-at-size data provides a theoretical maximum total length (L ∞ ) of 166.3 cm and a growth coefficient (k) of 0.14. Although these values are comparable to those found in other skate species (Table 2 ) and our samples covered the known size range, L ∞ may be slightly overestimated due to low sample numbers in the oldest age classes. If we consider the largest barndoor skate ever reported (152 cm) (Bigelow and Schroeder, 1953a) and the largest individual recorded on Georges Bank since 1963 (136 cm) (NEFSC, 2000) our estimate of L ∞ appears slightly high. When the von Bertallanfy growth model is fit to our data with an assumed L ∞ of 150 cm the growth coefficient (k) increases to 0.18.
These empirically derived growth rates and the corresponding age at maturity estimates suggest that the barndoor skate may not be as susceptible to fishing pressure as recently assumed. Lacking direct information, Casey and Myers (1998) chose to use the life history parameters of the common skate, D. batis, in their discussion. The common skate reaches a maximum length of nearly 90 cm greater than the barndoor skate suggesting k values of near 0.05 and an age at maturity estimate of 11 years. Skate species such as Raja clavata, R. microocellata, R. brachyura, or Leucoraja ocellata, which reach maximum sizes within 25-60 cm of the barndoor skate, would have served as important additional comparative species. Growth coefficients have been estimated between 0.07 and 0.22 for these species with estimates of age at maturity of around 5 or 6 years. As expected by maximum size alone, the barndoor skate matures at the high end of the age range for these smaller skates and well below that of D. batis.
Although these types of comparisons can provide guidance in situations where no direct information is available, differences in the life history strategies of even closely related species can lead to significant variability in parameter estimates. Stock assessments and subsequent management decisions should reflect the potential uncertainty inherent in these generalizations. Further research on the barndoor skate including histology of reproductive organs and annual ring validation are in progress to yield a more comprehensive life history analysis; however, we are confident that both our maturity and age-growth estimates will withstand further scrutiny.
The prudent application of our results to stock assessments and management decisions should consider the limitations of our study. Samples were taken from a very small area located in both the southern and shallow ends of the species distribution. At higher latitudes or at greater depths where water temperatures would be lower, growth may be slowed and age at maturity delayed. Under these circumstances, our age at maturity and growth rate estimates are likely to be negatively biased and might overestimate the potential productivity of a regional population. Another factor that might suggest a conservative application of our results is the unknown catchability of our sampling gear. Commercial scallop dredges, like many other fishing gears, are likely to be biased against catching large individuals. Although our data do not show a large size range within older cohorts, this scenario might result in the underestimation of age at maturity. It is also probable that this same selective fishing pressure over long periods of time would result in a reduction of both maximum age and age at maturity in comparison to a virgin population. This theory is supported by the absence of individuals as large as those reported by Bigelow and Schroeder (1953a) some 50 years ago. Finally, samples were collected during the six-month period of June through November with similar bimodal length frequency catch curves observed in all three years of the study. While there is no evidence to support that any of our parameter estimates are biased as a result, the persistent bimodal nature of our length frequency data suggests size-specific migrations out of the sampled area or a potential mixing of two different stocks rather than simply changes in recruitment. Although one would not expect the effect to be large it is impossible to determine the presence, magnitude, or direction of any bias in parameter estimates without further work to determine if seasonal migrations are occurring and to what degree.
The lack of species-specific information and failure to review historical data has allowed the decline of species such as the barndoor skate (Casey and Myers, 1998) , common skate (Dipturus batis) (Brander, 1981) , longnose skate (Dipturus oxyrhinchus) (Dulvy et al., 2000) and the white skate (Rostroraja alba) (Dulvy et al., 2000) to occur virtually unnoticed for long periods of time. Our results coupled with the relatively large numbers of observed animals and the recent increase in research survey biomass estimates (NEFSC, 2000) suggest that the barndoor skate may be more resilient to overfishing than previously believed and that the extinction of the species on the eastern Georges Bank is not imminent. Regardless, the life history strategy of this elasmobranch still renders it much more vulnerable to overharvest than the vast majority of bony fishes.
